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METHODS, SYSTEMS, AND COMPUTER
PROGRAM PRODUCT FOR
IMPLEMENTING PHYSICS AWARE MODEL
REDUCTION FOR THREE-DIMENSIONAL
DESIGNS

BACKGROUND

Modermn e¢lectronic design (e.g., IC package designs,
printed circuit board or PCB designs, etc.) often include
multi-layered structures to increase or maximize the avail-
able space. Accompanying the increasingly popular use of
multi-layered structured structures 1s the analysis of the
clectromagnetic filed for the electronic product. Three-
dimensional (3D) solvers modeling the structures and ana-
lyzing the electromagnetic field domain in the three-dimen-
sional space may be used to analyze the electrical
characteristics and perform electromagnetic simulations yet
requires long and often prohibitively long runtime as well as
large memory footprint to reach some reasonably accurate
solutions. Pseudo-3D or two-and-a-half-dimensional (2.5D)
solvers (collectively hybrid solvers or pseudo-3D solvers)
have also been widely used due to their expediency and
small memory footprint 1n reaching reasonably accurate
solutions. These hybrid approaches pose a different set of
problems with modern multi-layered electronic designs.

3D modeling tools and solvers model all structures of an
clectronic design (e.g., a printed circuit board or PCB
design) 1 a 3D space and solve for the electrical charac-
teristics and field domains 1n any direction. Because of the
modeling and solving in the 3D space, the memory foot-
prints as well as the computational costs associated with 3D
solvers are often very expensive, 1f not prohibitively expen-
sive. Hybrid modeling tools and solvers, on the other hand,
are developed to solve for the electrical characteristics and
parallel field domains (e.g., electromagnetic fields) between
two parallel metal shapes.

Conventional approaches address this high computational
resource consumption issue by simplifying the geometries in
a 3D design model of the electronic design. These conven-
tional approaches apply the geometry simplification tech-
niques to a 3D design model, without any knowledge of the
importance or significance of the components or their cor-
responding geometries being simplified and may thus sim-
plily geometries that are more important or significance with
respect to the physical or electrical characteristics that are
the targets of analyses or simulations. To further exacerbate
the problem, modern discretization schemes adaptively
refine a set of meshes for a design according to the local
precision requirements in the design model, also without
accounting for the importance or significance of the com-
ponent or the meshes therefor. For example, a discretization
scheme may refine an area of a design model simply because
the rate of change or the gradient of a computed character-
1stic varies rapidly between two or more adjacent nodes or
meshes, regardless of the importance or significance of the
component to which these two or more adjacent nodes or
meshes correspond.

Therefore, there exists a need for a method, system, and
computer program product for implementing physics aware
model reduction for a three-dimensional design to address at
least the aforementioned shortcomings and to implement
integrated circuit designs in a much more eflicient manner as
far as at least time and computational resource utilizations

are concerned.

SUMMARY

Disclosed are method(s), system(s), and article(s) of
manufacture for implementing physics aware model reduc-
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tion for a three-dimensional design 1n various embodiments.
Some embodiments are directed to a method for implement-
ing physics aware model reduction for a three-dimensional
design. In these embodiments, a design model may be
identified, and a first set of solutions may be generated with
a first discretization scheme and a plurality of mputs. A
second discretization scheme may be generated at least by
performing geometry simplification and re-discretization
based 1n part or in whole on one or more distributions from
the first set of solution. With the second discretization
scheme, a second set of solutions may be generated with the
second discretization scheme and the plurality of inputs.

In some of these embodiments, generating the first set of
solution may include the performance of identifying the
plurality of inputs comprising one or more 1mitial conditions,
one or more boundary conditions, one or more property
values, or one or more tolerances. In addition, geometry
simplification may be optionally performed on the design
model mto a simplified design model without accounting for
underlying physics or physical or electrical characteristics of
the design model.

In addition or i1n the alternative, a first discretization
scheme may be generated based in part or in whole upon a
first tolerance, and the design model or a simplified design
model may be discretized into a first set of meshes with the
first discretization scheme for generating the first set of
solutions 1 some embodiments. Moreover, a physical or
clectrical characteristic of interest for the design model and
a spatial distribution of the physical or electrical character-
istic 1n the design model may be respectively 1dentified from
the design model and the first set of solutions. A model
reduction scheme may then be determined for the design
model based 1n part or in whole on the spatial distribution of
the physical or electrical characteristic 1n some of these
embodiments.

In some embodiments, the design model comprises a
three-dimensional or a pseudo-three-dimensional integrated
circuit design, and the physical or electrical characteristic of
interest comprises an electrical characteristic pertaining to
an electromagnetic field generated by at least one circuit
component in the three-dimensional or a pseudo-three-
dimensional integrated circuit design. In some of the afore-
mentioned embodiments, at least a portion of the design
model may be partitioned into multiple regions based 1n part
or in whole upon the model reduction scheme and the spatial
distribution of the physical or electrical characteristic of
interest; and the design model or a stmplified design model
may be reduced imto a reduced design model at least by
applying the model reduction scheme to the multiple regions
for determining the second discretization scheme.

In some of these embodiments, a second tolerance may be
identified for the second discretization scheme; and the
second discretization scheme may be determined with the
model reduction scheme and the second tolerance. In addi-
tion, the reduced design model may be discretized into a
second set of meshes with the second discretization scheme;
analysis or simulation results may be generated at least by
analyzing or simulating the reduced design model using one
or more physics based models with the second set of meshes;
and a determination may be made to decide whether the
analysis or simulation results converge based at least in part
on one or more convergence criteria for determining the
second set of solutions.

In addition or 1n the alternative, the second discretization
scheme may be adapted for the reduced design model based
in part or 1 whole upon one or more local precision
requirements; and the second set of solutions may be gen-
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erated for the physical or electrical characteristic of 1nterest
when the analysis or simulation results are determined to

have converged based in part or 1n whole upon the one or
more convergence criteria. In some embodiments, the design
may be readied for manufacturing at least by improving the
design represented by the design model based in part or 1n
whole upon the second set of solutions.

Some embodiments are directed at one or more hardware
modules that include and/or function 1n conjunction with at
least one micro-processor as well as other related compo-
nents or architectures of one or more computing systems and
may be mvoked to perform any of the methods, processes,
or sub-processes disclosed herein. The hardware system
may include one or more variants of a bounding box module,
a projection module, an analysis module, an implementation
module, an assignment module, and/or a cost module in
some embodiments.

Each of these modules may include or function 1n tandem
with electrical circuitry and one or more micro-processors
cach having one or more processor cores to perform 1ts
intended functions. The hardware system may further
include one or more forms of non-transitory machine-
readable storage media or persistent storage devices to
temporarily or persistently store various types of data or
information, various design rules, various libraries, selected
and selectable targets, or any other suitable imformation or
data, etc. Amodule may be mitialized 1n a computing system
so that the software portion of the module 1s stored in
memory (e.g., random access memory) to be executed by
OnNe Or More processors or processor cores oil the computing
system to perform at least a part of the functionality of the
module. Some illustrative modules or components of the
hardware system may be found 1n the System Architecture
Overview section below.

Some embodiments are directed at an article of manufac-
ture that includes a non-transitory machine-accessible stor-
age medium having stored thereupon a sequence of instruc-
tions which, when executed by at least one micro-processor
or at least one processor core, causes the at least one
micro-processor or the at least one processor core to perform
any of the methods, processes, or sub-processes disclosed
herein. Some 1illustrative forms of the non-transitory
machine-readable storage media may also be found in the
System Architecture Overview section below.

More details of various aspects of the methods, systems,
or articles of manufacture for implementing physics aware
model reduction for a three-dimensional design are
described below with reference to FIGS. 1-8.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings 1llustrate the design and utility of various
embodiments of the invention. It should be noted that the
figures are not drawn to scale and that elements of similar
structures or functions are represented by like reference
numerals throughout the figures. In order to better appreciate
how to obtain the above-recited and other advantages and
objects of various embodiments of the mvention, a more
detailled description of the present inventions briefly
described above will be rendered by reference to specific
embodiments thereof, which are 1llustrated in the accompa-
nying drawings. Understanding that these drawings depict
only typical embodiments of the invention and are not
therefore to be considered limiting of 1ts scope, the invention
will be described and explained with additional specificity
and detail through the use of the accompanying drawings 1n
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FIG. 1 1llustrates a high level block diagram for a system
for implementing physics aware model reduction for a

three-dimensional design 1n one or more embodiments.

FIG. 2 illustrates a high level flow diagram for imple-
menting physics aware model reduction for a three-dimen-
sional design 1n one or more embodiments.

FIG. 3A illustrates more details about a part of the flow
diagram 1llustrated 1n FIG. 2 for implementing physics
aware model reduction for a three-dimensional design in one
or more embodiments.

FIG. 3B 1illustrates more details about another part of the
flow diagram 1llustrated 1n FI1G. 2 for implementing physics
aware model reduction for a three-dimensional design 1n one
or more embodiments.

FIG. 3C illustrates more details about another part of the
flow diagram 1llustrated 1n FIG. 2 for implementing physics
aware model reduction for a three-dimensional design in one
or more embodiments.

FIGS. 4A-4D illustrate some examples of applying cer-
tain techniques described herein to simplily integrated cir-
cuit designs 1n some embodiments.

FIG. SA illustrates an example of a portion of an elec-
tronic design having a plurality of negative features to which
some techniques described herein may apply 1 some
embodiments.

FIG. 5B 1illustrates an example of a portion of an elec-
tronic design having a plurality of positive features to which
some techniques described herein may apply in some
embodiments.

FIGS. 6 A-6C jointly i1llustrate an example of some tech-
niques for implementing physics aware model reduction for
a three-dimensional design 1n one or more embodiments.

FIG. 7 illustrates a simplified block diagram for a system
for implementing physics aware model reduction for a
three-dimensional design 1n one or more embodiments.

FIG. 8 illustrates a computerized system on which a
method for implementing physics aware model reduction for
a three-dimensional design 1in one or more embodiments
may be implemented.

DETAILED DESCRIPTION

Various embodiments are directed to a method, system,
and computer program product for implementing three-
dimensional or multi-layer integrated circuit designs. Other
objects, features, and advantages of the invention are
described in the detailed description, figures, and claims.

Various embodiments reduce the size of a design model
first by analyzing or simulating the design model with one
or more physics based analyses or simulations with a coarse
set of meshes. The design model are then partitioned 1nto
multiple regions according to one or more spatial distribu-
tions of one or more characteristics from the analysis or
simulation results with the coarse set of meshes. Diflerent
model reduction schemes or techniques are applied to these
multiple regions so that less important or significant regions
are processed with heavier reductions.

Such reduction techniques may create a reduced design
model at least by simplifying or even removing geometries
from regions where one or more physical or electrical
characteristics exhibit less importance or significance in the
design model. The reduced design model may then be
discretized into a smaller set of meshes having a fewer
number of nodes and elements based on the model reduction
scheme that apply different model reduction techniques to
regions with different importance or sigmificance. One or
more analyses or sitmulations may then be performed on the
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reduced model with the smaller set of meshes to produce at
least equally accurate results 1n regions that are designated
with higher importance or significance while conserving
computational resource utilizations.

Various embodiments will now be described 1n detail with
reference to the drawings, which are provided as 1llustrative
examples of the mnvention so as to enable those skilled 1n the
art to practice the mvention. Notably, the figures and the
examples below are not meant to limit the scope of the
present invention. Where certain elements of the present
invention may be partially or fully implemented using
known components (or methods or processes), only those
portions of such known components (or methods or pro-
cesses) that are necessary for an understanding of the present
invention will be described, and the detailed descriptions of
other portions of such known components (or methods or
processes) will be omitted so as not to obscure the invention.
Further, various embodiments encompass present and future
known equivalents to the components referred to herein by
way ol 1llustration.

FI1G. 1 illustrates a high level block diagram for a system
for implementing physics aware model reduction for a
three-dimensional design 1n one or more embodiments. In
these embodiments, a discretization module 104 may
receive a design model 102 and discretize the design model
102 1nto a set of meshes each having a plurality of nodes 1n
the discretized design 106. In some of these embodiments,
the design model 102 may be first processed by a geometry
processing module or geometry simplification module 103
before the processed design model 1s forwarded to the
discretization module 104.

The geometry processing module 103 may simplify the
geometries 1n the design model, without accounting for the
underlying physics or considering the significance or impor-
tance of the features 1n the 3D design model or geometries
thereol being simplified. In other words, the geometry
processing module 103 1s not aware of and does not account
for any underlying physics or the physical or electrical
characteristic of any features 1n the design model whose
geometries are simplified by the geometry processing mod-
ule 103.

The discretized design model 106 may then be provided
to an analysis or simulation module 108 grounded on the
underlying physics to obtain a first solution 110. In this
initial discretization of the design model 102 or the simpli-
fied design model 103 (e.g., by the geometry processing
module 103), the set of meshes may be set to coarse. As a
result, the first solution 110 may not provide accurate
numerical solutions for the discretized model. Accurate
solutions for the discretized design model 106 are not
needed at this stage. Rather, one of the purposes of analyzing,
or simulating the discretized design model 106 having a
coarse set of meshes 1s to establish a spatial distribution for
a physical or electrical characteristic (e.g., the electromag-
netic or EM field strength at various locations on a layer of
an IC or integrated circuit design arising from a charge
carrying trace at one level below or above the layer).

With the physics based analysis or simulation module
108, although the absolute numeric values of a characteristic
of interest at various points in the design space may be
incorrect, the spatial distribution of the characteristic of
interest may nevertheless provide a basis for subsequent
model reduction. In the above example of EM field strength
on a layer caused by a charge carrying trace at one level
above or below the layer, an electromagnetic simulation
with a coarse set of meshes may provide how the EM field
spatially distributes o the layer (e.g., which portion of the
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layer 1s subject to a stronger EM field) although the absolute
numeric values of the EM field at various locations are not
sufliciently accurate.

The first solution 110 may be provided to one or more
physics aware model reduction models 112 that may, for
example, 1dentily areas or features that are more important
or more significant 1n view of the underlying physics, areas
or features that are less important or less significant in light
of the underlying physics, and areas or features that may be
negligible with the underlying physics from the solution
110. In the aforementioned example of an EM field, a model
reduction model may identily areas or features subject to
stronger EM field strengths, areas or features subject to
moderate EM field strengths, areas or features subject to
negligible EM field strengths, etc. The model reduction
module may then flag each area with a different simplifica-
tion scheme and/or discretization scheme.

For example, the model reduction module may label areas
corresponding to higher importance or significance with a
first label indicative of maintaining all geometric details and
possibly refining the set of meshes in these areas. The model
reduction module may further label areas corresponding to
moderate 1mportance or significance with a second label
indicative of simplifying geometric details and possibly
coarsening the set of meshes 1n these areas. The model
reduction module may further label areas corresponding to
negligible 1mportance or significance with a third label
indicative of removing certain geometric details and possi-
bly further coarsening the set of meshes 1n these areas.

The levels of importance or significance may be deter-
mined from the first solution 110. In the aforementioned
example involving the EM field, any areas or {features
therein subject to 5% of the maximum EM field stringing
may be labeled as higher importance areas or features; any
arcas or features therein subject to 0.1% to 5% of the
maximum EM field stringing may be labeled as moderate
importance areas or lfeatures; and any areas or features
therein subject to lower than 0.1% of the maximum EM field
stringing may be labeled as areas or features with negligible
importance or significance.

The physics aware model reduction module 112 may then
perform the geometric manipulations 1n these areas accord-
ingly. For example, the physics aware model reduction
module 112 may remove some positive geometric features
(e.g., metal fill shapes, etc.) and/or negative geometric
features (e.g., holes, apertures, etc.) in the areas correspond-
ing to negligible importance or significance; and the physics
aware model reduction module 112 may simplily geometries
(e.g., by replacing curved features with curvatures below a
certain threshold value with straight features) 1n areas cor-
responding to moderate importance or significance, while
leaving features 1n areas corresponding to higher importance
or significance intact.

A reduced design model may thus be generated and
forwarded to the discretization module 104 which may then
adjust the discretization scheme or use a different discreti-
zation scheme to discretize the reduced design model to
generate another discretized design model 116. This latter
discretized design model 116 may then be solved for by the
analysis or simulation module 108 until convergence 1is
reached.

One of the advantages of these techniques described
herein over conventional approaches 1s that these techniques
first use a coarse set of mesh to obtain a first solution with
physics based models in the analysis or simulation module
104 and turther use the first solution to reduce the size of the
design model before using the analysis or simulation module
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coupled with the discretization module to fully analyze the
design model. Such a full analysis consumes most part of the
computational resources 1n terms of processor cycle times
and memory footprint. Therefore, these techniques eflec-
tively reduce the utilization of computational resources than
conventional approaches that may spend unnecessary coms-
putational resources in areas with relatively low importance
or significance due to their lack of accounting and hence
unawareness of the importance or significance of these areas
in light of the underlying physics. These techniques thus
adjust the level of resolutions and accuracy of the solution
process according to the relative importance or significance
of the physical or electrical characteristics, rather than
blindly refining and coarsening meshes based on rates of
change of a characteristic’s value 1n two adjacent meshes or
two immediately neighboring nodes of a discretized model,
without accounting for the significance or importance of the
physical or electrical characteristics.

Another advantage of these techniques 1s that these tech-
niques eliminate the subjective determination by domain
experts ol whether the meshes 1n certain areas in a design
model need to be refined, and the meshes 1n certain other
areas need to be coarsened. These techmques further sim-
plify the geometries 1n a design model based on the under-
lying physics and again eliminate the subjective determina-
tion, guesses, or guesstimates by domain experts of whether
certain geometries may be simplified or removed.

FIG. 2 illustrates a high level flow diagram for imple-
menting physics aware model reduction for a three-dimen-
sional design 1n one or more embodiments. In these embodi-
ments, a three-dimensional (3D) design model may be
identified at 202. It shall be noted that although various
embodiments and examples are described with a 3D design
model, these techniques described herein may apply with
tull and equal eflects to planar (two-dimensional or 2D)
design models. A 3D design model may include a design
model having geometric features represented in a three-
dimensional or two and a half dimensional or pseudo-3D
(2.5D) space.

It shall be further noted that that although wvarious
examples described 1n this application refer to 3D electronic
designs, these techniques apply with full and equal effects to
other designs including, for example, mechanical models,
thermal models, fluid models, or any combinations thereof,
etc. to provide physics based model reduction, unless oth-
erwise specifically claimed or specified. Therefore, the
description of electronic designs, electrical analyses, etc. 1s
not intended to limit the scope of the present disclosure or
the scope of the claims, unless other explicitly recited
therein.

A first set of solutions for the design model may be
generated at 204 with a first discretization scheme and
inputs. For example, various properties, constants, initial
conditions, boundary conditions, etc. may be i1dentified at
204 ad mputs. A coarse discretization scheme may also be
identified at 204 to discretize the design model 1dentified at
202 1nto a set of coarse meshes. As described above, one of
the purposes of these techniques 1s to establish a spatial
distribution for a physical or electrical characteristic for
subsequent model reduction, rather than accurate numeric
values of the physical or electrical characteristic. As a result,
a coarse set of meshes may suflice to establish the spatial
distribution while conserving computational resources for
later analyses or simulations. In some embodiments, the first
discretization scheme may be identified to generate an
extremely coarse set of meshes so long as this extremely
coarse set of meshes provide one or more spatial distribu-
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tions for one or more corresponding physical or electrical
characteristics 1n the model for partitioning the design model
according to the relative importance or significance indi-
cated 1n the one or more distributions.

Any numerical methods may be used to generate the first
set of solutions. For example, various numerical techniques
such as any integral equation solvers (e.g., boundary ele-
ment methods or method of moments, etc.), any differential
equation solvers (e.g., finite element methods, finite difler-
ence methods, fimte difference time domain methods, etc.),
or any other suitable numerical methods may be used to
generate the first set of solutions at 204.

A second discretization scheme may be determined at 206
at least by performing geometry simplification and re-
discretization of at least a portion of the design model based
in part or 1n whole upon one or more spatial distributions of
one or more physical or electrical characteristics determined
from the first set of solutions. More specifically, these
techniques may partition the design model or the first set of
meshes from the first discretization scheme 1nto a plurality
of groups according to the relative significance ol 1impor-
tance of each of the plurality of groups.

At least some of the plurality of groups may then be
subject to geometry simplification based on the importance
or significance indicators thereof. The areas corresponding
to some of these groups may be subject to mesh refinement
(c.g., adaptive mesh refinement), while some other areas
(e.g., areas to which geometry simplification 1s applied) may
be subject to mesh coarsening. With the second discretiza-
tion scheme, a second set of solutions may be generated at
208. Similar to the first set of solutions, the second set of
solutions may be generated with any suitable numerical
techniques such as the non-limiting examples provided
above with respect to the first set of solutions generated at
204.

FIG. 3A illustrates more details about a part of the flow
diagram 1llustrated in FIG. 2 for implementing physics
aware model reduction for a three-dimensional design in one
or more embodiments. More specifically, FIG. 3A illustrates
more details about generating a first set of solutions at 204
of FIG. 2. In these embodiments, inputs for characterizing
the design model 1dentified at 202 may be 1dentified at 302.
These mputs may include, for example, 1nitial conditions,
boundary conditions, physical and/or electrical property
values, constants, etc. In some embodiments, one or more
tolerances may also be 1dentified at 302.

These one or more tolerances may include, for example,
one or more tolerance values on the size of meshes (e.g., the
smallest height from one node to its corresponding side of a
mesh), one or more attributes of meshes (e.g., the smallest
or largest 1nternal angle of a mesh), maximum permissible
curvature of a curved segment to be represented as a straight
line segment, or any other suitable tolerances based on the
balance of the accuracy requirements and performance, etc.

Geometry simplification may be optionally performed on
the design model at 304 to simplify the design model into a
simplified design model. At this stage, the geometry sim-
plification 1s performed without regard to the underlying
physics or any importance or significance ol any physical or
clectrical characteristics of the design model and 1s thus
distinguishable from the subsequent model reduction. A first
discretization scheme may be 1dentified at 306 based in part
or in whole upon a first tolerance of the one or more
tolerances.

This first tolerance may be referenced to determine how
coarse the design model (or the simplified design model with

the optional geometry simplification) 1s to be discretized.
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With the first discretization scheme identified at 306, the
design model (or the optional simplified design model) may
be discretized into a first set ol meshes at 308. As described
above, one of the purposes of these techniques 1s to establish
one or more spatial distributions for one or more corre-
sponding physical or electrical characteristics for subse-
quent model reduction, rather than accurate numeric values
ol these one or more physical or electrical characteristics. As
a result, a coarse set of meshes may suflice to establish the
one or more spatial distributions while conserving compu-
tational resources for later analyses or simulations.

An analysis or simulation engine may be nitialized, and
at least some of the inputs may then be applied to the first
set ol meshes of the design model (or the optional simplified
design model) at 310. For example, the boundary conditions,
property values, constants, etc. may be applied to the first set
of meshes of the design model. The discretized design model
(or the optional simplified design model) may be analyzed or
simulated at 312 to generate a first set of solutions of
physical or electrical characteristics with the first set of
meshes. The numeric values 1n the first set of solutions are
less important than the general spatial distributions of vari-
ous characteristics across the design model 1n some embodi-
ments because subsequent model reduction techniques ret-
erence the relative distributions of these characteristics, not
their absolute numeric values.

FIG. 3B illustrates more details about another part of the
flow diagram illustrated 1n FIG. 2 for implementing physics
aware model reduction for a three-dimensional design in one
or more embodiments. More specifically, FIG. 3B illustrates
more details about determining a second discretization
scheme at 206 of FIG. 2. In these embodiments, a charac-
teristic of interest may be 1dentified at 322; and a distribution
(e.g., a spatial distribution) of the characteristic of interest
may be 1dentified or derived at 324 from the first set of
solutions. For example, the spatial distribution of the mag-
netic field across a layer of an IC design may be 1dentified
at 324 despite that the numeric values of the magnetic field
strength may not be sufliciently accurate given the coarse set
of meshes for the design model.

A model reduction scheme may be determined at 326
based 1 part or in whole upon the distribution of the
characteristic of interest. For example, a model reduction
scheme that employs geometry reduction techniques with
two or more levels of aggressiveness for corresponding
regions of the design model may be 1dentified at 326.

The model reduction scheme effectively reduces the com-
putational resource utilization because a reduced model
leads to a fewer of meshes for the design model and thus
needs less CPU (central processing umit) time and memory.
For example, solving the Maxwell’s equations with difler-
ential equation techniques (e.g., finite element method, finite
difference time domain techniques, etc.) for an electronic
design requires at least O(N) CPU time and memory, where
N denotes the number of meshes for the design model of the
clectronic design. As a result, the model reduction tech-
niques described herein lead to a fewer number of meshes
and thus require less CPU time and memory.

At least a portion of the design model may be partitioned
at 328 into multiple regions based 1n part or 1n whole upon
the distribution of the characteristic of interest and the model
reduction scheme 1dentified at 326. For example, a model
reduction scheme may include four different sets of reduc-
tion techniques, and at least a portion of the design model
may thus be partitioned ito four different regions at 328
accordingly.
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The design model (or the optional simplified design
model) may be reduced at 330 into a reduced design model
by applying the model reduction scheme to the multiple
regions. For example, a curved segment may be reduced to
a number of straight segments; a circular shape may be
reduced to a convex polygon; a negative feature such as two-
or three-dimensional hole or aperture may be removed; a
positive feature such as a floating metal fill shape may be
removed; etc.

One or more tolerances may be 1dentified at 332 for the
second discretization scheme. In some embodiments, a
tolerance may be i1dentified at 332 for each region of the
multiple regions determined at 328 based 1n part or 1n whole
upon the model reduction scheme. For example, a first
region corresponding to relatively higher importance or
significance may be associated with a smaller tolerance,
whereas a second region corresponding to relatively lower
importance or significance may be associated with a larger
tolerance. These one or more tolerances may be referenced
to guide the discretization module to partition the multiple
regions 1nto the corresponding sets of uniform or non-
uniform meshes of one or more shapes (e.g., triangular
meshes, quadrilateral meshes, etc.) In some embodiments,
the second discretization scheme may then be determined at
334 with the model reduction scheme and the one or more
tolerances.

FIG. 3C 1llustrates more details about another part of the
flow diagram illustrated 1n FIG. 2 for implementing physics
aware model reduction for a three-dimensional design in one
or more embodiments. More specifically, FIG. 3C illustrates
more details about generating the second set of solutions at
208 of FIG. 2. In these embodiments, the reduced design
model may be discretized at 342 into the second set of
meshes with the second discretization determined at 334 of
FIG. 3B. The model reduction techniques described herein
may associate each region of the multiple regions with a
corresponding tolerance that may then be referenced to
guide the discretization module to discretize the region
accordingly. For example, a discretization module may
discretize a first region associated with a relatively smaller
tolerance into a set of finer meshes, while a discretization
module may discretize a second region associated with a
relatively larger tolerance into a set of coarser meshes.

The discretized, reduced design model may be analyzed
or simulated at 344 with, for example, one or more physics
based models and the second set of meshes to solve for one
or more static or transient physical and/or electrical charac-
teristics of interest 1n the design model. As described above,
various techniques such as the integral equation techniques,
the differential equation techniques, etc. may be used to
analyze or simulate the reduced design model.

As 1s often the case, the analysis or simulation process
may be iterative and perhaps involve time stepping tech-
niques 1n transient analyses. The solutions to the one or more
static or transient physical and/or electrical characteristics of
interest may be examined to determine whether the solutions
have converged at 346. I the solutions have converged, the
process flow may proceed to 350 that 1s described 1n greater
details below. It the solutions have not converged at 346, the
second discretization scheme may be adapted at 348 for the
reduced design model based in part or in whole upon the
local precision requirements. For example, adaptive mesh
refinement techniques may be employed at 348 to refine the
second set of mesh 1n one area of the reduced design model
requiring a higher precision and/or coarsen the second set of
mesh 1n another area of the reduced design model requiring
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a lower precision according to the rates of change in the one
or more physical and/or electrical characteristics of interest
in these respective areas.

The process may then return to 344 to repeat the analysis
or simulation process at 344 and the examination of whether
one or more convergence criteria have been satisfied at 346
until the one or more convergence criteria are satisfied. The
second set of solutions may then be generated for the one or
more physical or electrical characteristics at 350 upon
convergence. In some embodiments where the analysis or
simulation aims to perform computational electromagnetics,
the second set of solutions may be validated before the
second set 1s generated as the final set of solutions.

Validation serves to determine whether the solutions for
the one or more physical or electrical characteristics are
accurate, or how accurate the solutions for the one or more
physical or electrical characteristics are. Various validation
techniques may be utilized at 350 to validate the solutions
for computational electromagnetics and are not intended to
limit the scope of the present disclosure or that of the claims,
unless otherwise specifically recited or stated. For example,
the solutions obtained from the example flow illustrated in
FIG. 3C may be compared to the results of analytical
formulations of an 1solated case for which analytical for-
mulations may be determined 1n some embodiments.

In some other embodiments, the solutions may be com-
pared to measurement results or to other analysis or simu-
lation results obtained with a different analysis or stmulation
technique. The design represented by the design model may
then be improved at 352 based 1n part or 1n whole upon the
second set of solutions. For example, various modifications
may be performed to modily the underlying design in
response to the second set of solutions that may indicate
certain features as violating one or more design require-
ments, constraints, or rules. These improvements or modi-
fications at 352 are to ready the underlying design for
manufacturing. For example, an electronic design may be
modified to rid violations of certain rules, requirements, or
constraints according to the second set of solutions so that
the electronic design may be more suited for manufacturing,
related tasks such as various optimizations, tapeout, etc.

Strictly as an example, the spatial distribution for the
clectric field and the spatial distribution for the pseudovector
magnetic field caused by a nearby charge carrying trace or
interconnect may be determined as the first set of solutions
for a layer of electronic design with a coarse set of meshes.
This layer of the electronic design may then be partitioned
into, for example, three regions. The first region may cor-
respond to the portion of the layer where the electric field
strength 1s greater than bottom 2% from the spatial distri-
bution of the electric field. The second region may corre-
spond to the portion of the layer where the electric field
strength 1s less than 2% and greater than 0.05% from the
spatial distribution of the electric field. The third region may
correspond to the portion of the layer where the electric field
strength 1s less than 0.05% from the spatial distribution of
the electric field.

In this example, the model reduction module may indicate
that the first region may be of higher importance or signifi-
cance due to the more significant electric field present 1n the
first region from the first set of solutions. This first region
may then be maintained without any or with minimal
geometry simplification (e.g., eliminating extremely small
features) so that a full electrical analysis or simulation may
be performed to characterize various characteristics 1n this
region. The model reduction module may further designate
the second region to be of moderate significance or 1mpor-
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tance and apply heavier geometry simplification. For
example, the model reduction module may represent a
circular feature as a quadrilateral shape 1n the second region.
The model reduction module may also designate the third
region to be of low significance or importance and apply
more aggressive geometry simplification including, for
example, representing a curve with larger curvature as a
straight segment, removing positive features and/or negative
features, etc. The model reduction module thus reduces the
design model 1nto a reduced design model that has a smaller
size than the original design model prior to reduction.

This reduced design model may then be forwarded to the
discretization module and the analysis or simulation engine
that 1teratively solves the discretized reduced design model
for one or more physical or electrical characteristics of
interest. In this example, the geometries of a design model
1s simplified, and the design model 1s adaptively meshed
based at least 1n part upon the significance or importance of
the physical or electrical characteristics in different portions
of the design model according to the underlying physics,
instead of merely considering whether the local rate of
change 1n a characteristic (e.g., the gradient of the charac-
teristic) exceeds some threshold regardless of whether the
characteristic 1s of suflicient importance or significance in
that local region 1n conventional approaches.

FIGS. 4A-4D illustrate some examples of applying cer-
tain techniques described herein to simplify integrated cir-
cuit designs 1n some embodiments. More specifically, FIG.
4A 1llustrates a portion of an example electronic design
where the original design model 402 having fine geometric
details such as the curves 406 shown 1n the zoom-in window
404.

Based on the importance or significance of this portion of
the example electronic design, different tolerances may be
referenced 1n discretizing this portion. 408 represents the
design model for the same portion that 1s processed with a
tolerance of 0.0127 mm. That 1s, the discretization scheme
does not generate any meshes whose height 1s smaller than
0.0127 mm. With this tolerance of 0.0127 mm, this portion
408 may be modeled with fewer geometric details through,
for example, the model reduction techniques described
above. For example, the curves in window 410 may be
approximated with a fewer number of segments 412.
According to some numerical experiments, this portion 408
may be analyzed with techniques described herein with
about 149,000 elements in the 1nitial, coarse set of meshes
and about 350,000 elements 1n the second set of meshes that
produce converged results.

FIG. 4B illustrates the same portion of the electronic
design as that in FIG. 4A. Moreover, based on the impor-
tance or significance of this portion of the example elec-
tronic design, different tolerances may be referenced in
discretizing this portion. 408B represents the design model
for the same portion that 1s processed with a tolerance of
0.05 mm. That 1s, the discretization scheme does not gen-
crate any meshes whose height 1s smaller than 0.05 mm.
With this tolerance of 0.05 mm, this portion includes even
tewer geometric details than that i1llustrated 1n FIG. 4A. For
example, the curves in window 410B are approximated with
an even smaller number of segments 412B. According to
some numerical experiments, this portion 4088 may be
analyzed with techniques described herein with about
90,000 elements 1n the 1nitial, coarse set of meshes and about
200,000 elements 1n the second set of meshes that produce
converged results. In some embodiments where a differential
equation solver 1s used, these techniques described herein
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achieved at least 43% saving in computational resources
with the model 1llustrated 1n 408B that the model illustrated
in 408 of FIG. 4A.

FIG. 4C 1illustrates another example to which some tech-
niques described herein may be applied in one or more
embodiments. In this example, a shape 414 may be subject
to different model reduction techmiques and hence diflerent
discretization results. Based on the importance or signifi-
cance of this shape with respect to one or more character-
istics, the same shape 414 may be associated with different
tolerances for discretization. In an example where this shape
414 1s located 1n a region associated with relatively lower
importance or significance, a larger tolerance may be refer-
enced 1n discretizing shape 414.

For example, a relatively large permissible value may be
associated with the region where shape 414 1s located. With
this relatively large permissible value, larger deviations from
the points (e.g., 430 and 432) along the curved segment of
the shape to the approximating straight segment (e.g., the
segment between nodes 420 and 422, the segment between
nodes 422 and 424, the segment between nodes 424 and
426) may be allowed. As a result, the curved segment may
be reduced to a fewer number of straight segments, and the
shape 414 may thus be modeled with a fewer number of
nodes along the curved segment to result 1n a fewer number
of meshes as shown in 416. On the other hand, 11 the shape
414 1s located 1n a region associated with higher significance
or importance, a relatively small value may be associated
with the shape 414. In this latter case, more nodes 440 may
be used to model the curve segment, and the shape may thus
be discretized with a larger number of meshes as shown in
418.

As another example, a different tolerance governing the
largest internal angle (or the smallest internal angle) of a
mesh may be used. The largest internal angle (or the smallest
internal angle) aflects the numerical stability of the analysis
or simulation engine and may thus be used as a tolerance for
the discretization schemes. If the shape 1s of relatively low
importance or significance, a relative small largest internal
angle may be associated with discretizing shape 414. For
example, the internal angles (e.g., 434 and 436) formed by
three neighboring nodes may be controlled to be smaller
than a predetermined maximal angle, larger than a prede-
termined mimimal angle, or within a range capped by the
permissible maximal angle and the permissible minimal
angle. As a result of this relative small largest internal angle
that cannot be exceeded 1n discretizing the shape 414, only
a Tewer number of nodes may be created to approximate the
curve segment 414C, and thus a fewer number of meshes
may be generated to approximate the shape as illustrated by
416.

In some of these embodiments, one or more additional
nodes (e.g., 438) may be introduced along an edge although
this edge may be geometrically simple (e.g., a straight edge)
that needs not be represented by more than one edge. In
these example, the mtroduction of these one or more angles
may be used to enable further discretization to provide
higher resolution and hence accuracy. For example, 11 the
internal angle 434 and 436 are determined to be larger than
the maximal permissible angle, an additional node 438 may
be introduced along the straight edge of shape 416 so that the
internal angle 434 may be split into two or more smaller,
permissible angles. Similarly, the internal angle 434 may be
split 1nto two or more smaller, permissible angles with the
additional node 438.

FI1G. 4D 1llustrates another example to which some tech-
niques described heremn may be applied in one or more
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embodiments. In this example, a shape 442 having a cutout
with a curved segment 442D may be subject to different
model reduction techniques and hence different discretiza-
tion results. In some embodiments where the shape 442 1s
determined to have negligible importance or significance
with respect to one or more electrical or physical charac-
teristic as described above, the cutout portion (a negative
feature) may be completely removed so the shape 442 may
be modeled as a rectangular (1n the 2D sense) shape 443. In
some embodiments where the shape 442 1s determined to
have negligible importance or significance with respect to
one or more electrical or physical characteristic, even the
entire shape 442 (a positive feature) may be eliminated or
discarded 1n its entirety. In some embodiments, any removed
positive and/or negative features or shapes may be stored in
a scratch pad (e.g., a temporary data structure stored in a
block of random access memory) and may be restored
subsequently 1n the event that subsequent analyses or dis-
cretization requires or desires to have such features or
shapes restored.

In some embodiments where the shape 442 1s determined
to have moderate importance or signmficance with respect to
one or more electrical or physical characteristic, shape 442
may be associated with a first tolerance (e.g., a relative large
tolerance between a point 450 on the curved segment 442D
and the approximating straight segment 452, etc.) for the
discretization of the shape 442. In this example, the curved
segment 442D 1n the shape 442 may be discretized into a
fewer number of nodes 444 that lead to a fewer number of
meshes (e.g., 446, 448, ctc.) for the shape 442.

In some embodiments where the shape 442 1s determined
to have higher importance or significance with respect to one
or more electrical or physical characteristic, the curved
segment 442D 1n the shape 442 may be discretized nto a
larger number of nodes 456 that lead to a fewer number of
meshes for the shape 442. FIG. 4D also illustrates that the
originally straight segments may be further discretized with
one or more additional nodes in addition to the corner nodes
to, for example, maintain the mtegrity of the final meshes or
numerical stability. In addition or in the alternative, FIG. 4D
turther illustrates the possibility of mixing different mesh
shapes (e.g., a triangular mesh 448 and a quadrilateral mesh
446) 1n the discretization of one shape or feature. In some
embodiments, one or more additional nodes (e.g., 458) may
be mtroduced along one or more edges of a shape to control
the discretization (e.g., to increase mesh density) despite the
fact that these one or more edges may not necessarily be
required to be further discretized.

FIG. 5A 1llustrates an example of a portion of an elec-
tronic design having a plurality of negative features 502
(e.g., holes, apertures, etc.) to which some techniques
described herein may apply i some embodiments. As
described above, the model reduction techniques described
herein may be employed to determine whether the plurality
of negative features 502 1s to be modeled, and 11 so, how the
plurality of negative features 3502 1s to be modeled. For
example, one or more of the plurality of negative features
502 may be eliminated or discarded in the design model
when these one or more negative features are determined to
be of relatively lower importance or significance. At least
one negative feature may be simplified (e.g., modeled as a
square hole) when this at least one negative feature 1s
determined to be of moderate importance or significance.

FIG. 5B 1illustrates an example of a portion of an elec-
tronic design having a plurality of positive features 504 (e.g.,
vias, etc.) to which some techniques described herein may
apply 1n some embodiments. In this example, the plurality of
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vias 504 are modeled as cuboids. This cuboid modeling may
indicate that the plurality of positive features 504 are deter-
mined to be of moderate importance or significance with a
physics based analysis or simulation using a coarse set of
meshes.

FIG. 6A illustrates an example of an original design
model having a plurality of features to which some tech-
niques described herein may apply in some embodiments.
More specifically, the original design model 602 includes a
plurality of negative features (e.g., holes or apertures) 604 as
well as a plurality of positive features 606 (e.g., vias). FIG.
6B 1llustrates the application of model reduction techmiques
to the original design model based on a physics based
analysis or simulation 1in some embodiments. In FIG. 6B,
some of the plurality of negative features 604 are eliminated
or discarded from the design model. As a result, the original
design model 602 may be reduced to a first reduced design
model 608 illustrated 1n FIG. 6B.

FIG. 6C 1llustrates a further application of model reduc-
tion techniques to a design model based on a physics based
analysis or simulation 1n some embodiments. More specifi-
cally, FIG. 6C 1illustrates the further application of model
reduction techniques that remove some of the plurality of
positive features 606. As a result of this further application
of model reduction technmiques, the first reduced design
model 608 may be further reduced to the second reduced
design model 610 illustrated 1n FIG. 6C. It shall be noted
that the model reduction techniques described herein not
only removes positive and/or negative features or shapes 1n
a design model but also aflect how features and shapes are
modeled 1n the design model. In addition, model reduction
techniques also affect how a discretization module dis-
cretizes a design model or a portion thereof, based 1n part or
in whole upon the physics based or solution driven analysis
results.

FI1G. 7 1llustrates an example of a portion of an electronic
design to which some techniques described herein may
apply 1n one or more embodiments. More specifically, FIG.
7 1llustrates an illustrative high level schematic block dia-
grams for a system for implementing physics aware model
reduction for a three-dimensional design and may comprise
one or more computing systems 700, such as a general
purpose computer described in the System Architecture
Overview section to implement one or more special pro-
poses. The illustrative system 1n FIG. 7 may include an
Internet-based computing platform providing a shared pool
of configurable computer processing resources (€.g., Com-
puter networks, servers, storage, applications, services, etc.)
and data to other computers and devices in an ubiquitous,
on-demand basis via the Internet. For example, one or more
computing resources and/or modules illustrated in FIG. 7
may be located i a cloud computing platform 1n some
embodiments.

In some embodiments, the one or more computing sys-
tems 700 may invoke various system resources such as the
processor(s) or processor core(s), memory, disks, etc. The
one or more computing systems 700 may also initiate or
interact with other computing systems to access, via a
computer bus architecture (e.g., a system bus, a control bus,
a data bus, or any combinations thereot), various resources
728 that may comprise a ftloorplanner, a global routing
engine, and/or a detail routing engine 764, a layout editor
766, a design rule checker 768, a verification engine 770,
etc.

The one or more computing systems 700 may further
write to and read from a local or remote non-transitory
computer accessible storage 762 that stores thereupon data
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or information such as, but not limited to, one or more
databases (774) such as schematic design database(s) or
physical design database(s), electronic circuit design speci-
fication database(s), various statistics, various data, rule
decks, various design rules, constraints, etc. (772), or other
information or data (776) that may be used to facilitate the
performance of various functions to achieve the intended
PUrposes.

In some embodiments, the one or more computing sys-
tems 700 may include or, either directly or indirectly through
the various resources 728, invoke a set of modules 752
including hardware modules and software modules or com-
binations of one or more hardware modules and one or more
soltware modules that may comprises one or more geometry
simplification modules 702 that simplily geometries of a 3D
design model without accounting for the underlying physics
or considering the significance or importance of the features
in the 3D design model or geometries thereof being simpli-
fied, one or more discretization modules 704 that discretize
a two-dimensional or three-dimensional design model 1nto a
set of uniform or non-uniform meshes, elements, or grids
(collectively meshes) in one or more geometric shapes (e.g.,
any convex polygonal shapes having three or more sides 1n
a two-dimensional design model or. any convex polyhedron
shapes having four or more faces 1n a three dimensional
design model).

These one or more discretization modules 704 may adap-
tively adjusting the accuracy of a solution within certain
regions of simulation or analysis, dynamically and during
the time the solution 1s being calculated. For example, the
one or more discretization modules 704 may be configured
to provide a dynamic programming environment for adapt-
ing the precision of the numerical computation based on the
requirements of the physical problem to be solved 1n specific
arecas of a two- or three-dimensional model which need
precision while leaving the other areas of the two- or
three-dimensional model at one or more lower levels of
precision and resolution.

The set of modules 752 may further optionally include
one or more analysis or simulation engines 706 to perform
various static and/or transient electromagnetic, thermal,
mechanical, fluid, etc. types of analyses or simulations, or
any combinations thereof. The set of modules 752 may also
include a plurality of model reduction modules 708 to
reduce the size of a two- or three-dimensional design model
by, for example, removing positive and/or negative features
in one or more first portions of the design model, adjusting
mesh densities, mesh sizes, and/or mesh shapes in one or
more second portions of the design model, etc.

The set of modules 752 may also include one or more
design partitioning modules 710 to partition a design model
or a set ol meshes 1nto two or more classes. For example, a
design partitioning module 710 may partition a design
model 1nto a first portion 1 which a finer set of meshes or
a finer set ol nodes 1s going to be generated, a second portion
in which a coarser set of meshes or a coarser set of nodes 1s
going to be generated, a third portion 1n which certain
positive and/or negative features are going to be eliminated
or discarded, etc. In addition or in the alternative, this set of
modules 752 may include one or more validation modules
760 to determine whether the analysis or simulation results
from, for example, the one or more analysis or simulation
engines 706 are accurate or how accurate the analysis or
simulation results may be.

A validation module described herein may, for example,
compare the analysis or simulation results with those of
analytical formulations of a simplified or 1solated case for
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which analytical formulations may be determined to deter-
mine whether the analysis or simulation results are accurate

or how accurate the analysis or simulation results may be. As
another example, a validation module may perform cross
comparisons between two or more different codes (e.g., code
by the finite element solver, code by the integral equation
solver, etc.) or compare the analysis or simulation results
with measurement data to determine whether the analysis or
simulation results are accurate or how accurate the analysis
or simulation results may be.

In some embodiments, the computing system 700 may
include the various resources 728 such that these various
resources may be invoked from within the computing sys-
tem via a computer bus 780 (e.g., a data bus interfacing a
microprocessor 792 and the non-transitory computer acces-
sible storage medium 798 or a system bus 790 between a
microprocessor 792 and one or more engines in the various
resources 728). In some other embodiments, some or all of
these various resources may be located remotely from the
computing system 700 such that the computing system may
access the some or all of these resources via a computer bus
780 and one or more network components.

The computing system may also include one or more
modules 1n the set of modules 752. One or more modules in
the set 752 may include or at least function in tandem with
a microprocessor 792 via a computer bus 794 in some
embodiments. In these embodiments, a single microproces-
sor 792 may be included in and thus shared among more
than one module even when the computing system 700
includes only one microprocessor 792. A microprocessor
792 may further access some non-transitory memory 798
(e.g., random access memory or RAM) via a system bus 796
to read and/or write data during the microprocessor’s execu-
tion of processes.

System Architecture Overview

FIG. 8 illustrates another example of a portion of an
clectronic design to which some techmques described herein
may apply 1n one or more embodiments. The illustrative
computing system 800 may include an Internet-based com-
puting platform providing a shared pool of configurable
computer processing resources (€.g., computer networks,
servers, storage, applications, services, etc.) and data to
other computers and devices in an ubiquitous, on-demand
basis via the Internet. For example, the computing system
800 may include or may be a part of a cloud computing
plattorm in some embodiments. Computer system 800
includes a bus 806 or other communication module for
communicating information, which interconnects subsys-
tems and devices, such as processor 8078, system memory
808 (e.g., RAM), static storage device 809 (e.g., ROM), disk
drive 810 (e.g., magnetic or optical), communication inter-
face 814 (e.g., modem or Ethernet card), display 811 (e.g.,
CRT or LCD), input device 812 (e.g., keyboard), and cursor
control (not shown).

According to one embodiment, computing system 800
performs specific operations by one or more processor or
processor cores 807 executing one or more sequences of one
or more instructions contained 1n system memory 808. Such
istructions may be read into system memory 808 from
another computer readable/usable storage medium, such as
static storage device 809 or disk drive 810. In alternative
embodiments, hard-wired circuitry may be used 1n place of
or 1n combination with software instructions to 1implement
the invention. Thus, embodiments of the invention are not
limited to any specific combination of hardware circuitry
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and/or software. In one embodiment, the term “logic” shall
mean any combination of software or hardware that 1s used
to implement all or part of the mvention.

Various actions or processes as described in the preceding
paragraphs may be performed by using one or more pro-
CESSOrs, ONe or more processor cores, or combination thereof
807, where the one or more processors, one or more pro-
cessor cores, or combination thereof executes one or more
threads. For example, various acts of identifying, various
acts of determining, various acts of classifying, various acts
of implementing, various acts of performing, various acts of
transforming, various acts ol decomposing, various acts of
updating, various acts of presenting, various acts of modi-
tying, etc. may be performed by one or more processors, one
Or more processor cores, or combination thereof.

A modules described herein may also be implemented as
a pure hardware module (e.g., a block of electronic circuit
components, electrical circuitry, etc.) or a combination of a
hardware module and a software block that jointly perform
various tasks to achieve various functions or purposes
described herein or equivalents thereof. For example, a
module described herein may be implemented as an appli-
cation-specific integrated circuit (ASIC) i some embodi-
ments.

In these embodiments, a module may thus include, for
example, a microprocessor or a processor core and other
supportive electrical circuitry to perform specific functions
which may be coded as software or hard coded as a part of
an application-specific integrated circuit, ROM (read only
memory), PROM (programmable read only memory),
EPROM (erasable programmable read only memory), etc.
despite the fact that these microprocessor, processor core,
and electrical circuitry may nevertheless be shared among a
plurality of module. A module described herein or an equiva-
lent thereof may perform its respective functions alone or 1n
conjunction with one or more other modules. A module
described herein or an equivalent thereof may thus invoke
one or more other modules by, for example, 1ssuing one or
more commands or function calls. The mmvocation of one or
more other modules may be fully automated or may mvolve
one or more user mnputs.

The term “computer readable storage medium”™ or “com-
puter usable storage medium” as used herein refers to any
non-transitory medium that participates i providing mnstruc-
tions to processor 807 for execution. Such a medium may
take many forms, including but not limited to, non-volatile
media and volatile media. Non-volatile media includes, for
example, optical or magnetic disks, such as disk drive 810.
Volatile media includes dynamic memory, such as system
memory 808. Common forms of computer readable storage
media includes, for example, electromechanical disk drives
(such as a floppy disk, a flexible disk, or a hard disk), a

flash-based, RAM-based (such as SRAM, DRAM, SDRAM,
DDR, MRAM, etc.), or any other solid-state drives (SSD),
magnetic tape, any other magnetic or magneto-optical
medium, CD-ROM, any other optical medium, any other
physical medium with patterns of holes, RAM, PROM,
EPROM, FLASH-EPROM, any other memory chip or car-
tridge, or any other medium from which a computer can
read.

In an embodiment of the invention, execution of the
sequences ol instructions to practice the mvention 1s per-
formed by a single computer system 800. According to other
embodiments of the mvention, two or more computer sys-
tems 800 coupled by communication link 815 (e.g., LAN,
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PTSN, or wireless network) may perform the sequence of
instructions required to practice the invention in coordina-
tion with one another.

Computer system 800 may transmit and receive mes-
sages, data, and instructions, including program, 1.e., appli-
cation code, through communication link 815 and commu-
nication interface 814B. Received program code may be
executed by processor 807 as 1t 1s received, and/or stored 1n
disk drive 810, or other non-volatile storage for later execu-
tion. In an embodiment, the computing system 800 operates
in conjunction with a data storage system 831, e.g., a data
storage system 831 that includes a database 832 that 1s
readily accessible by the computing system 800. The com-
puting system 800 commumicates with the data storage
system 831 through a data interface 833. A data interface
833, which 1s coupled with the bus 806, transmits and
receives electrical, electromagnetic or optical signals that
include data streams representing various types of signal
information, e.g., instructions, messages and data. In
embodiments of the invention, the functions of the data
interface 833 may be performed by the communication
interface 814.

In the foregoing specification, the invention has been
described with reference to specific embodiments thereof. It
will, however, be evident that various modifications and
changes may be made thereto without departing from the
broader spirit and scope of the invention. For example, the
above-described process tlows are described with reference
to a particular ordering of process actions. However, the
ordering of many of the described process actions may be
changed without aflecting the scope or operation of the
invention. The specification and drawings are, accordingly,
to be regarded 1n an illustrative rather than restrictive sense.

We claim:
1. A computer implemented method for implementing
physics aware model reduction for a design, comprising:
executing, by one or more computers, a sequence of
istructions to perform a process, the process compris-
ng:
identifying a design model as well as a first region and a
second region in the design model;
generating a first set of solutions comprising one or more
distributions of circuit behaviors for the design model
with a first discretization scheme and a plurality of
iputs received at a user interface; and
in response to at least the plurality of mputs received at
the user interface,
determining a second discretization scheme for the first
region and a third discretization scheme for the
second region, the second and third discretization
schemes respectively corresponding to different
model reduction techniques based at least 1n part on
the one or more distributions; and
generating and displaying, in the user interface, graphi-
cal representations of a first reduced sub-model and
a second reduced sub-model at least by performing,
geometry simplification and re-discretization on the
first region with the second discretization scheme
and further on the second region with the third
discretization scheme; and
generating a second set of solutions with at least the
second discretization scheme, the third discretization
scheme, the first reduced sub-model, the second
reduced sub-model, and the plurality of inputs.
2. The computer implemented method of claim 1, gener-
ating the first set of solutions comprising:
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identitying the plurality of inputs comprising one or more
initial conditions, one or more boundary conditions,
one or more property values, or one or more tolerances.
3. The computer implemented method of claim 2, gener-
ating the first set of solutions comprising;:
performing geometry simplification on the design model
into a simplified design model without accounting for
underlying physics or physical or electrical character-
istics of the design model.
4. The computer implemented method of claim 1, gener-
ating the first set of solutions comprising:
identifying first discretization scheme based in part or 1n
whole upon a first tolerance; and
discretizing the design model or a stmplified design model
into a first set of meshes with the first discretization
scheme.
5. The computer implemented method of claim 1, deter-
mining the second discretization scheme comprising:
identifying a physical or electrical characteristic of inter-
est for the design model;
identifying a spatial distribution of the physical or elec-
trical characteristic in the design model from the first
set of solutions; and
determining a plurality of model reduction schemes for
the design model based in part or in whole on the

spatial distribution of the physical or electrical charac-
teristic.

6. The computer implemented method of claim 3, wherein
the design model comprises a three-dimensional or a
pseudo-three-dimensional integrated circuit design, and the
physical or electrical characteristic of interest comprises an
clectrical characteristic pertaining to an electromagnetic
field generated by at least one circuit component in the
three-dimensional or a pseudo-three-dimensional integrated
circuit design.

7. The computer implemented method of claim 5, deter-
mining the second discretization scheme comprising:

partitioning at least a portion of the design model into at

least the first and second regions based i1n part or 1n
whole upon the plurality of model reduction schemes
and the spatial distribution of the physical or electrical
characteristic of interest; and

reducing the design model or a simplified design model

into a plurality of reduced design models at least by
applying the plurality of model reduction schemes to at
least the first and second regions.

8. The computer implemented method of claim 7, deter-
mining the second discretization scheme comprising:

identifying a second tolerance for the second discretiza-

tion scheme; and

determining the second discretization scheme with the

plurality of model reduction schemes and the second
tolerance.

9. The computer implemented method of claim 8, com-
prising;:

discretizing the plurality of reduced design models into a

plurality of second sets of meshes with the second
discretization scheme:;

generating analysis or simulation results for a second set
of solutions at least by analyzing or simulating the
plurality of reduced design models using one or more
physics-based models with the plurality of second sets
of meshes; and
determining whether the analysis or simulation results

converge based at least 1n part on one or more conver-

gence criteria.
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10. The computer implemented method of claim 9, gen-
erating the second set of solutions further comprising:

adapting the second discretization scheme for the plurality
of reduced design models based 1n part or 1n whole
upon one or more local precision requirements; and

generating the second set of solutions for the physical or
clectrical characteristic of interest when the analysis or
simulation results are determined to have converged
based i part or in whole upon the one or more
convergence criteria.

11. The computer implemented method of claim 9, gen-

crating the second set of solutions further comprising:
readying the design for manufacturing at least by improv-
ing the design represented by the design model based 1n

part or 1n whole upon the second set of solutions.

12. A system for implementing physics aware model

reduction for a design, comprising:

a plurality of modules, at least one of which comprises at
least one microprocessor including one or more pro-
cessor cores executing one or more threads 1n a com-
puting system;

a non-transitory computer accessible storage medium
storing thereupon program code that includes a
sequence ol structions that, when executed by the at
least one microprocessor or processor core of a com-
puting system, causes the at least one microprocessor
or the one or more processor cores at least to:

identify a design model as well as a first region and a
second region 1n the design model;

generate a first set of solutions comprising one or more
distributions of circuit behaviors for the design model
with a first discretization scheme and a plurality of
iputs received at a user interface; and

in response to at least the plurality of mputs received at
the user interface,
determine a second discretization scheme for the first

region and a third discretization scheme for the
second region, the second and third discretization
schemes respectively corresponding to different

model reduction techniques based at least 1n part on
the one or more distributions; and

generate and display, in the user interface, graphical
representations of a first reduced sub-model and a
second reduced sub-model at least by performing
geometry simplification and re-discretization on the
first region with the second discretization scheme
and further on the second region with the third
discretization scheme based; and

generate a second set of solutions with at least the second

discretization scheme, the third discretization scheme,
the first reduced sub-model, the second reduced sub-
model, and the plurality of mputs.
13. The system of claim 12, wherein the program code
includes further instructions that, when executed by the at
least one microprocessor or processor core, cause the at least
ONe Processor Or processor core 1o:
identify the plurality of imputs comprising one or more
initial conditions, one or more boundary conditions,
one or more property values, or one or more tolerances;

identify first discretization scheme based in part or in
whole upon a first tolerance; and

discretize the design model or a simplified design model

into a first set of meshes with the first discretization
scheme.

14. The system of claim 12, wherein the program code
includes further instructions that, when executed by the at
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least one microprocessor or processor core, cause the at least
ONe Processor or processor core 1o:

identily a physical or electrical characteristic of interest

for the design model;

identily a spatial distribution of the physical or electrical

characteristic 1n the design model from the first set of
solutions; and

determine a plurality of model reduction schemes for the

design model based 1n part or in whole on the spatial

distribution of the physical or electrical characteristic,

wherein

the design model comprises a three-dimensional or a
pseudo-three-dimensional integrated circuit design,
and

the physical or electrical characteristic of interest com-
prises an electrical characteristic pertaining to an
clectromagnetic ficld generated by at least one circuit
component 1n the three-dimensional or a pseudo-
three-dimensional integrated circuit design.

15. The system of claim 14, wherein the program code
includes turther instructions that, when executed by the at
least one microprocessor or processor core, cause the at least
One Processor or processor core to:

partition at least a portion of the design model 1nto at least

the first and second regions based in part or 1n whole
upon the plurality of model reduction schemes and the
spatial distribution of the physical or electrical charac-
teristic of interest; and

reduce the design model or a simplified design model into

a plurality of reduced design models at least by apply-
ing the plurality of model reduction schemes to at least
the first and second regions.

16. The system of claim 15, wherein the program code
includes further instructions that, when executed by the at
least one microprocessor or processor core, cause the at least
One processor or processor core to:

discretize the plurality of reduced design models mto a

second plurality of sets of meshes with the second
discretization scheme;

generate analysis or simulation results at least by analyz-

ing or simulating the reduced design model using one
or more physics-based models with the second plurality
of sets ol meshes; and

determine whether the analysis or simulation results con-

verge based at least 1n part on one or more convergence
criteria.

17. An article of manufacture comprising a non-transitory
computer accessible storage medium having stored there-
upon a sequence of instructions which, when executed by at
least one processor or at least one processor core executing
one or more threads, causes the at least one processor or the
at least one processor core to perform a set of acts for
implementing physics aware model reduction for a design,
the set of acts comprising:

executing, by one or more computers, a sequence of

instructions to perform a process, the process compris-
ng:

identifying a design model as well as a first region and a

second region 1n the design model;

generating a {irst set of solutions comprising one or more

distributions of circuit behaviors for the design model
with a first discretization scheme and a plurality of
iputs recerved at a user interface; and

in response to at least the plurality of mputs received at

the user interface,
determining a second discretization scheme for the first
region and a third discretization scheme for the
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second region, the second and third discretization
schemes respectively corresponding to different
model reduction techniques based at least 1n part on
the one or more distributions; and
generating and displaying, in the user interface, graphi-
cal representations of a first reduced sub-model and
a second reduced sub-model at least by performing
geometry simplification and re-discretization on the
first region with the second discretization scheme
and further on the second region with the third
discretization scheme; and
generating a second set of solutions with at least the
second discretization scheme, the third discretization
scheme, the first reduced sub-model, the second

reduced sub-model, and the plurality of inputs.
18. The article of manufacture of claim 17, the set of acts
turther comprising;:
identifying a physical or electrical characteristic of inter-
est for the design model;
identifying a spatial distribution of the physical or elec-
trical characteristic in the design model from the first
set of solutions; and
determining a plurality of model reduction schemes for
the design model based in part or in whole on the
spatial distribution of the physical or electrical charac-
teristic, wherein
the design model comprises a three-dimensional or a
pseudo-three-dimensional integrated circuit design,
and
the physical or electrical characteristic of mterest com-
prises an electrical characteristic pertaiming to an
clectromagnetic field generated by at least one circuit
component 1n the three-dimensional or a pseudo-
three-dimensional integrated circuit design.
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19. The article of manufacture of claim 17, the set of acts
further comprising:

partitioning at least a portion of the design model into at
least the first and second regions based in part or in
whole upon the plurality of model reduction schemes
and a spatial distribution of the physical or electrical
characteristic of interest:

reducing the design model or a simplified design model
into a plurality of reduced design models at least by
applying the plurality of model reduction schemes to at
least the first and second regions;

discretizing the plurality of reduced design models 1nto a
second plurality of sets of meshes with the second
discretization scheme:;

generating analysis or simulation results at least by ana-
lyzing or simulating the plurality of reduced design
models using one or more physics-based models with
the plurality of second sets of meshes; and

determining whether the analysis or simulation results
converge based at least 1n part on one or more conver-
gence criteria.

20. The article of manufacture of claim 19, the set of acts

turther comprising;:

adapting the second discretization scheme for a reduced
design model based in part or in whole upon one or
more local precision requirements; and

generating the second set of solutions for the physical or
clectrical characteristic of interest when the analysis or
simulation results are determined to have converged
based 1n part or in whole upon the one or more
convergence criteria; and

readying the design for manufacturing at least by improv-
ing the design represented by the design model based 1n

part or 1n whole upon the second set of solutions.
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